UDP-GlcNAc acyltransferase (LpxA), the first enzyme of lipid A biosynthesis, catalyzes the transfer of an acyl chain activated on acyl carrier protein (ACP) to UDPGlcNAc. LpxAs are very selective for the lengths of their acyl donor substrates. Escherichia coli LpxA prefers R-3-hydroxymyristoyl-ACP to R-3-hydroxydecanoyl-ACP by a factor of ϳ1000, whereas Pseudomonas aeruginosa LpxA prefers the opposite. E. coli G173M LpxA and the reciprocal P. aeruginosa M169G LpxA show reversed substrate selectivity in vitro and in vivo, demonstrating the existence of precise hydrocarbon rulers in LpxAs.
trimer (14) . The N-terminal two-thirds of each monomer fold into a novel left-handed parallel ␤-helix specified by 24 hexapeptide repeats (14) . The active site appears to be located in a cleft between the subunits (Fig. 2) given the locations of highly conserved residues, the absolute requirement for H125 (Fig. 2 ) in catalysis, 2 and the positive charge and shape of the cleft in comparison with the acidic acyl-ACP substrate (15) .
We now report the identification of a single amino acid residue in the proposed active site of LpxA that is a key determinant of acyl chain selectivity. The G173M substitution in E. coli LpxA converts the enzyme from a R-3-hydroxymyristoyl-ACPto a R-3-hydroxydecanoyl-ACP-dependent enzyme, while the M169G mutation in P. aeruginosa LpxA does the opposite. Expression of each of these modified lpxA genes in conditional mutants lacking LpxA activity at 42°C results in the biosynthesis of the expected hybrid lipid A species.
EXPERIMENTAL PROCEDURES

Materials-[␣-
32 P]UTP was purchased from NEN Life Science Products. Tryptone, yeast extract, brain heart infusion medium, and agar were from Difco. Antibiotics, glucosamine 1-phosphate, and acyl carrier protein were from Sigma. Chloroform, methanol, pyridine, 88% formic acid, and acetic acid were from Mallinckrodt. Silica Gel 60 thin layer plates (0.25 mm) were purchased from E. Merck, Darmstadt, Germany. Restriction enzymes, Klenow, and T4 DNA ligase were from New England Biolabs or Boehringer Mannheim. M13K07 helper phage was from New England Biolabs. Shrimp alkaline phosphatase was from U. S. Biochemical Corp. Primers for mutagenesis were custom-made by Life Technologies, Inc. The LpxC inhibitor L-573,655 was provided by Dr. A. Patchett (Merck Research Laboratories, Rahway, NJ).
LpxA Activity Assay-The standard assay monitors the conversion of [␣-
32 P]UDP-GlcNAc to [␣-32 P]UDP-3-O-(R-3-hydroxymyristoyl)-GlcNAc (8) . The standard reaction mixture is 10 -20 l and contains 40 mM HEPES, pH 8, 1 mg/ml bovine serum albumin, 10 M R-3-OH-myristoyl-ACP, and 10 M [␣-
32 P]UDP-GlcNAc (2 ϫ 10 6 cpm/nmol). Substrates were synthesized as described previously (8) . The reaction is started by addition of enzyme source. The reaction mixture is incubated at 30°C for 1-10 min and reactions are terminated by spotting 2-2.5 l on a silica thin layer chromatography plate. The plates are developed in a solvent system containing chloroform, methanol, water, and acetic acid (25:15:4:2, v/v). The plates are then exposed to imaging screens overnight at room temperature. The plates are visualized and the extent of the reaction quantified using a Molecular Dynamics PhosphorImager, operated with ImageQuant software.
For assays of E. coli extracts, 0.2 mg/ml L-573,655 (11) from a 10 mg/ml stock in dimethyl sulfoxide is added to the assay mixture to inhibit further metabolism of the reaction product by LpxC present in the extracts. This is unnecessary for assays of Corynebacterium glutamicum extracts.
General Recombinant DNA Techniques-Recombinant DNA techniques were as described by Sambrook et al. (32) . Plasmid DNA was prepared using the Qiagen Spin Miniprep kit or the Bigger Prep Plasmid DNA Preparation kit (5 Prime 3 3 Prime, Inc., Boulder, CO). Restriction endonucleases, Klenow, T4 DNA ligase, and shrimp alkaline phosphatase were used according to the manufacturer's specifications. DNA was extracted from gels using the GeneClean kit (Bio 101, Inc., Vista, Ca), according to the manufacturer's directions.
Mass Spectrometry-The lipids, dissolved in chloroform:methanol (4:1, v/v), were prepared for mass spectrometry analysis by first depositing 0.3 l of the sample solution, followed by 0.3 l of a saturated solution of 2,5-dihydroxybenzoic acid in 50% acetonitrile as matrix. The sample was left to dry at room temperature and was analyzed by matrix-assisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometry using a Kompact MALDI 4 from Kratos Analytical (Manchester, United Kingdom) equipped with a nitrogen laser (337 nm), 20 kV extraction voltage and time-delayed extraction. Spectra were acquired in the negative linear mode. Each spectrum was the average of 50 laser shots.
RESULTS AND DISCUSSION
Construction and Analysis of E. coli LpxA Selectivity Mutants-To re-engineer the hydrocarbon selectivity of E. coli LpxA, we compared a group of long chain acyl-ACP-dependent LpxAs to two short chain enzymes (Fig. 3) (14) . Two double mutants of E. coli LpxA, M156Y/A158L and V171S/G173M, were constructed based on the corresponding residues in P. aeruginosa LpxA (Fig. 3) . Extracts of E. coli cells expressing M156Y/A158L LpxA remain 3-OH-C14-ACP-dependent, but extracts of cells expressing V171S/G173M LpxA acquire 3-OH-C10-ACP-dependent activity (not shown). Construction of the single mutants V171S and G173M revealed that V171S LpxA is insoluble, but that G173M is optimized for 3-OH-C10-ACP (Table I) . G173M has no 3-OH-C12-ACP-dependent activity, and the low level of 3-OH-C14-ACP-dependent activity is attributed to residual wild type chromosomal LpxA in these T7 promoter-driven constructs.
Expression of E. coli G173M LpxA in C. glutamicum-To show that the 3-OH-C10 activity of E. coli G173M LpxA is due solely to the mutant protein and not to heterotrimers formed with remaining wild type enzyme, we expressed G173M LpxA in the Gram-positive C. glutamicum R163 (Table II) (16) . Grampositive bacteria do not make lipid A and do not possess any of the lpx genes (17) . When expressed in C. glutamicum, G173M exhibits the same 3-OH-C10-ACP-dependent LpxA selectivity (Table II) , as in the T7 promoter driven constructs, but displays no activity with either 3-OH-C12-ACP or 3-OH-C14-ACP.
Construction and Analysis of P. aeruginosa LpxA Selectivity Mutants-The G173M mutation switches the hydrocarbon chain selectivity of E. coli LpxA more than 10 6 -fold, from greater than 1000-fold selectivity for 3-OH-C14-ACP over 3-OH-C10-ACP to greater than 1000-fold selectivity for 3-OH-C10-ACP over 3-OH-C14-ACP. This effect is comparable with the best examples of enzyme specificity re-design by single amino acid changes (18, 19) . Given the importance of Gly 173 for (10) in pET23c. Point mutants were generated using either pTO1 or pTO9 as template (30) . Plasmids containing mutated E. coli lpxA genes are the pTO100 series, and those containing mutated P. aeruginosa lpxA genes are the pTO200 series. Each mutated gene was sequenced entirely in both directions to ensure that only the desired mutation was present. In general, 50-ml cultures of BL21(DE3)/pLysE (Novagen) containing the indicated plasmids were grown at 37°C (225 rpm) in LB broth with 100 g/ml ampicillin to A 600 ϭ 0.6, induced with 1 mM isopropyl-␤-D-thiogalactopyranoside, and grown for 3 more h. Cells were washed with 5 ml of 10 mM potassium phosphate buffer, pH 7, containing 0.2 M NaCl and 20% glycerol. The cells were resuspended in 2 ml of the same solution, and cell-free extracts were prepared by one passage through a French Pressure cell at 18,000 p.s.i. LpxA assays were done as described (8) a Lower than vector control specific activities with 3-OH-C14-ACP may be due to the formation of nonfunctional heterotrimers between the overproduced P. aeruginosa LpxA and the E. coli chromosomal LpxA. Low specific activities are also seen when overexpressing N. meningitidis LpxA in E. coli (8) . (16) , also opened with BamHI and converted to blunt ends. The gene is oriented for expression using the tac promoter in pGK1 (16) . Plasmids pTO10, pTO15, and pTO14 were similarly constructed form pTO101, pTO9, and pTO201 (Table I) , respectively. Plasmids were introduced into C. glutamicum R163 by electroporation (31) . Competent cells were prepared by growing a 500-ml C. glutamicum R163 culture at 30°C (225 rpm) in LB broth to A 600 ϭ 0.2, washing once with 100 ml of 15% glycerol in water, once with 20 ml of the same solution, and resuspending in 2.5 ml of the same solution. Electroporation was carried out with 50 l of cells and 1 g of plasmid DNA (1 l) in a 0.2-cm cuvette at 2500 V, 25-microfarad capacitance and 200 ⍀ resistance. After electroporation, cells were allowed to recover for 2 h at 30°C (225 rpm) in 1 ml BHI medium (Difco), and plated onto BHI agar containing 50 g/ml rifampicin and 5 g/ml chloramphenicol. Next, 500-ml cultures of each of the resulting transformed strains were grown at 30°C (225 rpm) in LB broth (29) , containing 50 g/ml rifampicin and 5 g/ml chloramphenicol, to A 600 ϭ 1. Cells were washed with 40 ml of 10 mM potassium phosphate, pH 7, containing 0.2 M NaCl and 20% glycerol, and were resuspended in 2 ml of the same solution. Cell-free extracts were prepared by three passages through a French Pressure cell at 18,000 p.s.i. LpxA activity assays were done as in Table I 
Reversal of Acyl Chain Selectivity of E. coli and P. aeruginosa LpxA 32370
the selectivity of E. coli LpxA, we made the reciprocal change (M169G) in P. aeruginosa LpxA (Fig. 3) . The M169G substitution transforms P. aeruginosa LpxA into a 3-OH-C14-ACPspecific acyltransferase (Table I ). M169G utilizes 3-OH-C12-ACP at 2% and 3-OH-C10-ACP at 0.25% the rate of 3-OH-C14-ACP under standard assay conditions (a 10 5 -fold reversal of acyl chain length selectivity). The hydrocarbon selectivity of P. aeruginosa M169G LpxA is almost identical to that of wild type E. coli LpxA (Table I) . The results were confirmed using the C. glutamicum system (Table II) . Fig. 2 , the critical catalytic residue His 125 is separated by about 17 Å from Gly 173 of the adjacent subunit, a distance that could accommodate an extended 14-carbon acyl chain. However, several lines of evidence suggest that the hydrocarbon ruler of LpxA is functioning by a mechanism that is more complicated than recognition of shape complementarity. First, we tried to construct a 3-OH-C12-ACP-specific E. coli
Attempts to Construct a 3-OH-C12-ACP-dependent LpxA-As shown in
TABLE III Hydrocarbon chain length selectivity of other E. coli and P. aeruginosa LpxA variants overexpressed in E. coli BL21(DE3)/pLysE
Mutant constructions, plasmid names, culture growths, extract preparations, and assays were the same as described in Table I (14, 26) . LpxA variants were found by BLAST searching of the nonredundant protein data base (27) . The specificity of uncharacterized LpxAs was inferred based upon the fatty acid composition of their corresponding lipid A (1, 28). Residues identified as potentially involved in short chain versus long chain substrate selectivity are indicated in bold print. The four bold residues border the proposed active site cleft shown in Fig. 2.   FIG. 4 . MALDI-TOF mass spectrometry of lipid A isolated from E. coli RO138 (lpxA2 recA) complemented by expression of LpxA variants with reversed chain length selectivity. A, RO138/pTO17 (P. aeruginosa M169G lpxA); B, RO138/pTO16 (E. coli G173M lpxA); C, RO138/pTO12 (E. coli G173M lpxA-high copy vector). pTO12 contains E. coli G173M lpxA on the XbaI-HindIII fragment from pTO101 (Table  I ) ligated into pBluescriptSK (Stratagene) cut with the same two enzymes. pTO16 contains E. coli G173M lpxA on a SacI fragment from pTO12 ligated into the lower copy plasmid pNGH1 (8) , also cut with SacI. The gene is oriented for expression using the lac promoter in pNGH1. pTO17 was constructed in a similar manner by ligating SacIdigested pNGH1 and the relevant SacI fragment of pTO13. pTO13 contains P. aeruginosa M169G lpxA on the XbaI-HindIII fragment from pTO201 (Table I ) ligated into pBluescriptSK cut with the same two enzymes. Each plasmid was transformed into RO138 (lpxA2 recA) (8) . Cultures of RO138/pTO16 and RO138/pTO17 (150 ml each) were grown at 42°C (225 rpm) in LB broth (29) , containing 20 g/ml chloramphenicol, to A 600 ϭ 2. A 250-ml culture of RO138/pTO12 was grown at 30°C (225 rpm) in LB broth, containing 100 g/ml ampicillin, to A 600 ϭ 0.6 and then shifted to 42°C for 3 more h. Lipid A was prepared from each culture and stored at Ϫ80°C prior to mass spectrometry (8) . 
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LpxA by replacement of Gly 173 with Phe, the corresponding N. meningitidis residue (Fig. 3) . E. coli G173F LpxA has a profile very similar to that of G173M (Table III) , i.e. it is 3-OH-C10-ACP-specific. Next, Gly 173 substitutions of E. coli LpxA bearing the approximate equivalent of a two-carbon side chain were made (Table III) . These were expected to function as 3-OH-C12-ACP-dependent enzymes if shape complementarity alone were sufficient to direct selectivity. However, LpxA G173S is inactive, and LpxA G173C is 3-OH-C10-selective. Additionally, P. aeruginosa M169C displays relatively low activity compared with M169G (Tables I and III) and remains 3-OH-C10-specific. To test whether a single ␤ carbon is sufficient to cause the selectivity switch in E. coli LpxA, we made the G173A mutation. E. coli G173A LpxA is not very active and remains 3-OH-C14-ACP-selective (Table III ), indicating that both ␤ and ␥ atoms are required to reset the hydrocarbon ruler of E. coli LpxA.
To explain these findings, we suggest that Met, Phe, or Cys in place of Gly 173 in E. coli LpxA (or Gly in place of Met 169 in P. aeruginosa LpxA) (Tables I-III) cause local conformational changes that reverse hydrocarbon selectivity. Crystallographic studies of these LpxA mutants bound to different acyl-ACPs should provide useful insights. However, attempts to crystallize E. coli ACP in any context have been unsuccessful, despite the fact that this 77-amino acid protein was discovered more than 30 years ago (20) .
Expression of E. coli G173M and P. aeruginosa M169G LpxAs in Mutant RO138 -To validate the significance of these selectivity changes in living bacteria, we constructed plasmids that express E. coli G173M LpxA and P. aeruginosa M169G LpxA in the temperature-sensitive E. coli mutant RO138 (lpxA2 recA) (8) . At 30°C, RO138 grows with ϳ30% less lipid A than wild type cells, but its lipid A is acylated with 3-OH-C14 at positions 3 and 3Ј. At 42°C, RO138 produces much less lipid A and dies rapidly. Both the native N. meningitidis and P. aeruginosa lpxA genes complement the temperature-sensitive growth of RO138 and direct the production of hybrid lipid A molecules with shortened hydroxyacyl chains (8, 10) . Expression of E. coli G173M LpxA or of P. aeruginosa M169G LpxA in RO138 also complements the temperature-sensitive growth of RO138 (not shown). Lipid A was prepared from the two complemented RO138 strains and was analyzed by MALDI-TOF mass spectrometry. Wild type E. coli K-12 lipid A, with 3-OH-C14 at the 3 and 3Ј positions, gives rise to a single peak [M Ϫ H] Ϫ at m/z 1797 under these conditions (8, 21) . Lipid A from RO138 rescued by P. aeruginosa M169G LpxA is characterized by a peak [M Ϫ H] Ϫ at m/z 1797.9 ( Fig. 4A) , consistent with incorporation of 3-OH-C14 at positions 3 and 3Ј. Lipid A from RO138 rescued by E. coli G173M LpxA shows major peaks
Ϫ at m/z 1686.0, 1741.9, and 1797.9 (Fig. 4B ). The wild type lipid A species (m/z 1797.9) is attributed to the 3-OH-C14-ACP-dependent activity of the residual chromosomal LpxA in RO138. The peak at m/z 1686.0 is 111.9 atomic mass units (8 methylene units) less than wild type lipid A, as expected for a hybrid lipid A substituted with 3-OH-C10 at the 3 and 3Ј positions. The peak at 1741.9 is 56 atomic mass units (4 methylene units) less than wild type and most likely corresponds to lipid A molecules substituted with one 3-OH-C10 and one 3-OH-C14 at positions 3 and 3Ј or vice versa. These interpretations are supported by the finding that lipid A from RO138 rescued by expression of E. coli G173M LpxA on the higher copy plasmid pTO12 consists mostly of a species at m/z 1685.2 (Fig. 4C) .
Concluding Remarks-The switch in acyl chain length selectivity seen in E. coli and P. aeruginosa LpxA as the result of reciprocal single amino acid changes reveals the existence of a remarkably precise mechanism for lipid-protein recognition. Structural studies of complexes formed by LpxA or LpxA mutants with different acyl-ACPs should provide a clearer picture of how the hydrocarbon ruler actually functions. The possibility of changing the structure of lipid A in living Gram-negative bacteria by directed modification of LpxA and other key acyltransferases should also facilitate the microbiological preparation of new lipid A analogs, some of which might be endotoxin antagonists (22) . Lipid A analogs that act as endotoxin antagonists are already in clinical trials for reducing the complications of Gram-negative sepsis (23, 24) , but currently such compounds are synthesized by very complex chemical processes (25) .
